In this work, we propose the realization of two single mode distributed feedback (DFB) lasers emitting at 1.5µm with ultra-narrow linewidths, co-integrated on a co-doped Erbium Ytterbium IOG1 1 glass substrate. The beating note of these two lasers on a fast photodiode is used to generate mm-wave signals. Each laser is composed of a waveguide fabricated by ion exchange with a Bragg grating etched on the top. In order to set a precise value of the mm-wave frequency, the emission wavelength of both DFB lasers must be accurately fixed. This is achieved by controlling the laser's waveguide design. The beating produced between these lasers generates mm-wave signals from GHz to THz. The co-integration helps to enhance the beating quality by reducing fluctuations between the two lasers. Lasers are first studied independently: their optical power, linewidth and relative intensity noise are characterized. Finally, the beating signal quality is estimated through the characterization of the produced electrical spectrum.
INTRODUCTION
Future wireless communication systems will use millimeter (mm) wave frequencies carriers (30 GHz-300 GHz) and beyond to overcome the saturation of the different frequency bands and achieve high bit rates 2 . Two of the main issues in the communication at mm-wave frequencies is generating mm-wave carrier signals 3, 4 , and the delivery difficulties such as high atmospheric attenuation for wireless delivery and high attenuation in the coaxial cables 5 . These brought attentions to photonics based system such as radio over fiber systems, where the signal is transported on an optical carrier up to a few meters of the receiving device. In this case, the mm-wave frequency is generated by mixing of two optical signals with different frequencies.
Different technologies are employed to generate high frequencies. The main techniques are direct and external modulations, mode locking and heterodyning. For the modulation technique, a radiofrequency (RF) signal is used to modulate the bias current of the laser. So, two optical phase locked side bands are generated on the laser spectrum. The direct modulation is limited to about 10GHz and so it's not enough to generate mm-wave signals. With external modulation, mean external device such as Mach-Zehnder or electro-optical modulator is used to increase the bandwidth 6 . Frequencies higher than 40GHz can be reached using harmonics but at the cost of integration, complexity and efficiency 7 . For mode locking, Mode Locked Lasers (MLL) are used to obtain ultrashort periodic pulses. Their spectrum is constituted of a comb of equally-spaced optical modes, the distance between two modes corresponds to generated RF signal frequency. In a perfect MLL, two different modes have electromagnetic fields which differ only by a constant phase shift 8 . One disadvantage of using MLL in radio over fiber systems arises when the signal propagates in optical fiber for long distances. In this case, the RF signal vanishes periodically due to the presence of chromatic dispersion in the fiber 9 . In addition, there are problems of frequency stability, phase noise caused by large linewidth and chip-to-fiber coupling 10 . RF signals generation by heterodyning can also be achieved by using two free running single mode lasers. If semi-conductor lasers are utilized, the wavelengths are controlled by using a temperature controller. Thus, by changing the temperature of at least one laser, the difference between the two wavelength is adjusted 11 . This difference is directly linked to the resulting RF frequency obtained after coupling the two optical signals and bunching them on a rapid photodiode. This relation is expressed by equation (1): (1) where c= 3x m/s the light speed in vacuum, the difference of the 2 emitted wavelengths and λ is the central wavelength. This technique is the most cost effective and simple way to generate mm-waves up to THz. However, when using semi-conductor lasers, a major disadvantage appears because of the phase noise of the generated beat-note and the peak of Relative Intensity Noise (RIN) that occurs at frequencies in the order of GHz. This is mainly related to the large linewidth of the two uncorrelated laser signals and to the relative wavelength fluctuation between them. In our work, we realized two DFB lasers co-integrated on a glass substrate. Using this configuration enables both a sharp linewidth (≈ 3kHz) 12 and a monolithically integrated device.
In the following, the realization and the characterization of DFB lasers on glass is presented. The noise and linewidth of an individual laser is carefully measured, since these characteristics will be key to obtaining a correct beating signal. Finally, two laser signals are used to perform, to our knowledge, the first beating using two DFB lasers on glass for mmwave generation.
DFB LASER REALIZATION
DFB lasers are usually composed of two main parts, an amplifying medium and a feedback element. In our lasers on glass, the amplifier is silver ion-exchanged waveguide realized on an Er/Yb codoped phosphate glass. The feedback is obtained by implementing Bragg gratings on top of the waveguides.
Amplifying waveguides
The Er/Yb codoped waveguide amplifiers have been fabricated on 2.2 x Erbium and 3.6 x Ytterbium codoped phosphate glass substrates, fig 1-a) . A 35nm-thick silicon film is first deposited on the glass surface by RF sputtering, fig 1-b) . Series of waveguides of 3.6cm-long straight diffusion aperture with width ranging from w= 0.5µm to w= 10µm are defined by a standard photolithography process, fig 1-c) . The ion-exchange takes place through these apertures once the sample is immersed in a bath of molten / salt, fig 1-d) . In our design, the ion exchange lasts 7 minutes at a temperature of 320°C. Once the ion exchange is finished, the silicon mask is removed, the sample is cleaned, and the input/output facets are polished with an angle of 8° relative to the surface of the chip. fig 1-e). The modicity of the waveguides at the pump and signal ) wavelengths and small signal net gain of the amplifying waveguides have been measured at = 1534nm for different pump powers ( = 977nm). Waveguides with aperture widths ≤ 4µm are single mode for and those with aperture widths < 1.5µm are single mode for the pump wavelength. Results concerning optical amplification are displayed on fig2. A net gain of 2.8db/cm including coupling and insertion losses is achieved for an injected pump power of 360Mw in a 10µm wide Erbium Ytterbium coDoped Waveguide Amplifier (EYDWA).
Bragg grating
A 2cm long Bragg grating has been realized by holographic exposure on a standard microelectronic photoresist and then etched by RIE on the device surface. Grating's step Λ was measured by the minimum angle deviation method, and it was measured to be 507 ± 1nm. Figure 3 shows an image of the grating's topography obtained by Atomic Force Microscopy (AFM), the grating depth was measured to be 120 ± 20nm.
Emitted wavelengths
The interaction between the light guided in the amplifying waveguide and the Bragg grating can be described by the coupled mode theory and the emission wavelength, for a given waveguide width w, is:
where is the effective index of the lasing mode for a waveguide width w and Λ is the Bragg grating step. Each laser chip contains multiple series of waveguides with various aperture widths ranging from 0.5 to 10µm. After ion exchange, the waveguide's effective index is linked to its aperture width. The Bragg grating step is adjusted to have the aimed emission wavelengths. Fig.4 . sketches a designed and realized sample. After finishing all the technological steps, DFB lasers composed of waveguides with different widths and and a single Bragg grating with a step Λ on top of them are obtained. Fig.5 . depicts the evolution of the emitted wavelength as a function of the waveguide aperture width. We observe a nearly linear relationship between the aperture width and the emission wavelength. A wavelength variation Δλ = 2.6nm is measured for Δ = 7µm. This Δλ corresponds to a generated mm-wave frequency equal to 325GHz. Higher frequencies can be obtained by changing at least one parameter in the fabrication (using a mask with wider waveguides, ion exchange duration, implementing different Bragg gratings with different steps…). A difference of wavelength between nm and nm (0.125GHz and 1.25GHz) has been observed for lasers having equal widths but present on different locations of the wafer. This difference can be explained by process variability. Identical spectral measurements are expected whatever the frequency is 13 . Thus, for easier measurements, the device will be studied at 4.2GHz which should give us exactly the same behavior as compared to the mm-wave frequencies. The performed measurements in section 4 of this paper have been done using 2 DFB lasers with equal widths (10µm) and a generated frequency of 4.2GHz is showed.
LASER CHARACTERIZATION
The laser used for all the characterization has a 10µm aperture width and an emission wavelength equal to 1538.64nm. To reduce the optical reflection and avoid the presence of parasitic laser modes, both extremities of the waveguide have been polished with a 98-degree angle, and the pump was injected using a fiber polished at 82-degree and positioned using 3D stages with piezoelectric control.
Optical power
The output optical power versus pump power has been measured. The device is pumped by a 977nm laser diode through a 980/1550nm multiplexer. The backward signal emitted by the laser is then collected on the 1550nm output of the multiplexer and sent at first to a power meter, then the single mode operation and the emitted wavelength are monitored on a 0.07nm resolution Optical Spectrum Analyzer (OSA).
The resulting measurements are showed in fig.6 and fig.7 . The laser threshold occurs for a launched pump power of 90mW and the laser output reaches more than 9mW, for 850mW launched pump power, which is high enough for a use in optical telecommunication systems. The optical spectra seen on the OSA confirm the single mode operation of the laser. A wavelength shift of (7.5GHz) can be noticed when the launched pump power is varied from 90 to 850mW. Taking into consideration the glass thermal expansion and the thermal index variation, previous study has predicted and measured a variation of 11.4pm/°C 14 . If we assume our waveguides are similar, the measured variation (0.06nm) of the emitted wavelength corresponds to the effect of a temperature variation of 5.5°C. This thermal effect should not be a problem for RF generation if both lasers are pumped with the same pump power.
Linewidth
The ultra-narrow linewidth of DFB lasers on glass has already been proved 12 using a similar realization process. To ensure that our lasers possess the same characteristic, the self-heterodyning setup shown in fig.8 has been realized and linewidth measurements have been performed. The light emitted from a laser is split in the arms of an unbalanced MachZenhder interferometer. One arm is a 25km long fiber to decorrelate the signals in the two arms, and on the second arm an acousto-optic phase modulator is used to shift the beating signal obtained on the rapid photodiode (PD) at 40MHz. The resulting spectrum is observed on an ESA. The measured signal is shown on fig.9 . Bell-shaped curve with a spectral width = 0.16MHz is measured at -40 dB. Curve not strictly Lorentzian, however, assuming a Lorentzian profile, the estimated value of Δf at -3dB is: (3) This value corresponds to a coherence length of 59.7km, longer than 25km, which explains why the curve is not perfectly Lorentzian. Moreover, this measured linewidth falls below the limit of the used setup (8kHz). As a conclusion, the realized lasers have a linewidth below 4kHz. More accurate methods for linewidth measurements will be used in the future for a better estimation, either by using a longer optical fiber in the first arm or by modifying the setup 12 .
Relative intensity noise (RIN)
Relative intensity noise has been investigated in order to determine laser stability. Fig.10 is the measured RIN for a 10µm aperture width laser pumped with 854mW pump power. The signal emitted by our DFB laser has been collected through a 70GHz bandwidth PD and its electrical spectrum has been observed on ESA. After subtracting the thermal noise, a peak of RIN≈ -87dB/Hz is observed at the relaxation frequency = 1.19MHz as depicted on fig.10 . A model of the RIN in the form of a second order band pass filter has been used to fit the experimental data (red curve on fig.10 ). A damping factor Γ= 50µs is found to best fit the experimental curve. The excellent correlation between measurements and the model from rate equations allows us to conclude that RIN goes below -135dB/Hz after 10MHz and that no additional noise is present. We also verified that there is no excess noise at other frequencies and the absence of beat-note at higher frequencies confirms the single-mode operation of our lasers. For frequencies higher than 10MHz, the intensity noise is low enough (< -135dB/Hz) to impact the bit error rate (BER) in communication systems according to the IEEE standards 15 .
The measured value foe the peak of RIN is quite high here, but the bandwidth where noise is higher than -135db/Hz (few MHz) is low compared to semi-conductor lasers (some GHz). This noise could also be reduced thanks to a control loop as the relaxation frequency is limited to few MHz 16 . 
BEATING OF 2 DFB LASERS
To generate a RF signal using 2 DFB lasers, the setup shown in fig.11 has been used. Two co-integrated lasers are pumped by two different 976nm diodes laser. The backward signals are collected and sent to a 50/50 coupler. Then the beating of these optical signals is converted to an electrical signal on a 70GHz bandwidth photodiode. The resulting electrical spectrum is observed on an ESA. smaller than the resolution of the ESA suggests that the recorded spectrum consists of fluctuation of the RF beating frequency integrated over the acquisition time of the ESA.
In the end, we obtain a beating frequency around 4.2GHz, with 5MHz variations. These variations are much faster than the acquisition time of 100ms. If we were able to suppress these variations, we should find a linewidth twice of an individual laser (3.2kHz). This measurement shows also a single beating in the 0-40GHz range proving the single mode operation of both lasers. Identical behavior will be obtained whatever is the beating frequency.
Several phenomena may be able to explain the observed frequency fluctuations. They may be mechanical instabilities of optical coupling but could also be caused by fluctuations in the pump intensity, since we use two pumps. If these fluctuations are caused by pump power variations, they correspond to 1.5°C of temperature variation in the waveguides. However, this 5 MHz linewidth is a promising result and can already be used for some communication applications by using the adapted detectors 17 .
CONCLUSION AND PERSPECTIVES
In this paper, co-integrated DFB lasers on glass realization and characterization have been reported. Lasers are composed of an ion-exchanged waveguide realized on an Er/Yb codoped glass substrate on which a 507nm Bragg grating etched at the surface. An output optical power of 9mW has been measured at 1534nm, with a linewidth of 1.6KHz and RIN below -135dB/Hz after 10MHz. The first beating-notes measurement using 2 DFB lasers co-integrated on glass were performed. A narrow spectrum of 5MHz has been observed. This result could still be improved since linewidth measurements carried out on an individual laser indicate a minimum beating width of 3.2kHz. Some more work must be done to reduce all the instabilities so as to measure a pure beating-note without any additional perturbations. Some possible improvements like using the same pump for both lasers, reducing the distance between the lasers on the substrate and integrating a Y junction on the glass substrate will be investigated in the near future. 
